We report using a 1.3pm(silicon-sub-bandgap) optical probing system to detect electrica1 signals in silicon integrated circuits. Free carriers within integrated active devices perturb the index of refraction of the material, and we have used a Nomarski interferometer to sense this perturbation. Typical charge-density modulation in active devices produces a substantial index perturbation, and because of this, we have used an InGaAsP semiconductor laser to experimentally observe real-time 0.8V digital signals applied to a bipolar transistor. These signals were detected with a signal-to-noise ratio of 20dB in a system detection bandwidth of over 200MHz.
INTRODUCTION
As designers push the bandwidth of integrated circuits towards microwave frequencies, these circuits become more difficult to test and debug. High-speed electrical probes have a low characteristic impedance and can only access many circuits through special output drivers. In addition, these probes are large and hence they can only access the output pads of the circuit. Recently, Kolner, Weingarten, Rodwell, and Bloom [l-4] have used a Nd:YAG laser to noninvasively detect electrical signals directly in GaAs integrated circuits (IC's) by direct electrooptic sampling. Unfortunately, since silicon is a centrosymmetric crystal, it is not electrooptic. However, by interferometrically sensing charge density modulation, we have observed electrical signals directly in silicon IC's [5] [6] [7] .
THE PLASMA-OPTICAL EFFECT
The charge-sensing probe is based on the concept that electrons at the bottom of the conduction band and holes at the top of the valence band behave very much like free-carriers, and hence they can respond to the electric field in the optical probe beam. Because of the finite effective mass of these free carriers, they introduce a measurable phase shift into the beam as it passes this region. From simple plasma physics [8] , the optical index of refraction of an ionized plasma gas is given by the relationship n"" no/I -w;/,} , where w, is referred to as the plasma resonance frequency and is related to the free-carrier concentration by the relationship
At optical frequencies the term 0./",2 < < 1 , even at very high free-carrier concentrations. Hence, the index perturbation is very linear with respect to the free-carrier concentration in the active semiconductor device. Figure 1 shows an optical schematic of the components of the charge-density detection system. Light from a cw 1.3um semiconductor laser is passed through a Faraday isolator, which prevents the return optical beam from coming back into the laser and creating excess laser noise. Following the Faraday isolator, a polarizing beam splitter polarizes the optical beam, and a Nomarski prism splits the beam into two separate optical beams that diverge slightly from each other. Basically the Nomarski prism is a birefringent optical crystal with its crystal axis parallel to the face of the prism and at 45 0 to the polarization orientation defined by the polarizing beam splitter. As the optical beam enters the prism, the polarization components along the crystal axes of the prism (the eigenpolarizations) experience different indices of refraction. When these eigenpolarizations reach the back face of the crystal, they then refract at slightly different angles. The objective lens focuses the two diverging beams through the polished back side of a silicon Ie. One of these beams (the .probe beam) is focused onto an active device on the front surface of the circuit. The other beam (the reference beam) passes through a nearby region without an active device. Both beams reflect off of the front surface metalization and pass back through the substrate of the Ie, are recollimated by the objective lens and recombined by the Nomarski prism. Since the two beams are orthogonally polarized, they cannot interfere with each other. However, as the probe beam is phase shifted relative to the reference beam, the net polarization of the return beam is varied. The polarizing beam splitter senses the polarization modulation and converts it to an amplitude modulation at the two photodiodes. The signal from the photodiode is amplified by a low noise amplifier and directly displayed on an oscilloscope.
CHARGE-DENSITY DETECTION SYSTEM
The signal detected with this system is strongly dependent upon the static relative optical phase shift between the probe and reference beams. If the static phase shift between the two beams is zero, small signal phase modulations of the probe relative to the reference beam will generate no signal at either photodiode. However, if the static phase shift between the two beams is tr /2 the signal at both photodiodes is maximized and the signal at one photodiode is 180 0 out of phase of that from the other detector. By differencing the signals from these two detectors, we can cancel any common-mode noise present in both beams and improve our signal-to-noise ratio by 3dB in comparison to a single-eoded detector.
EXPERIMENTAL RESULTS
We have experimentally detected electrical signals in a lOxiaI'm emitter, 10Hz FT silicon bipolar junction transistor using the charge-sensing probe. The upper trace in figure 2 is a O.8V electrical signal applied to the base-emitter terminals of the transistor. The lower trace is the signal detected with the optical probing system. This signal was detected in a 200MHz detection bandwidth. The sigoal-to-noise ratio shown in the measurement is approximately 20dB. The figure shows two key features. First of all, the signal detected with with the optical probe has limited rise and fall times. This response is a result of device limitations. The second key feature is the long term droop associated with the signal. We have shown that this is caused by transient heating effects within the device itself. Since this measurement was made with a cw laser source and a wide-bandwidth detection system, it represents a 200MHz single-shot detection system for measuring electrkal signals in the silicon Ie. 
MINIMUM DETECTABLE SIGNALS
lIDs optical probing ~ystem does not measure a current or a voltage directly, but rather it measures an integrated volume-charge density along its optical path length. The integrated volume-cbarge density can be referred to as an effective sbeet-cbarge density. The theoretical shot-noise limited minimum detectable signal tbat we can detect with this probe is related to the system operating parameters by tbe expression 3 where I. is the average pbotodiode current, >.. is the optical probe wavelength, and m· is tbe free-carrier effective mass. Notice that if we use higber optical powers or longer optical wavelengtbs, the system can detect smaller variations in the cbarge density modulation in an active device. H we probe active devices in otber material systems, sucb as GaAs or Ge, tbese materials bave a smaller electron effective mass. Therefore, the cbarge-sensing probe will be more sensitive ---i.e. be able to detect a smaller sbeet-cbarge density modulation. For a system operating photocurrent of only ImA, tbe minimum detectable sbeet-cbarge density is 8Ns
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Since the spatial resolution of our optical probe is only a few IJItIs , this optical probe is capable of detecting average fluctuations of a few carriers. Notice that this is an averaged signal detection capability since I/f noise sources prevent us from looking at signals near dc. Presently, we have experimentally reached the shot-noise floor in our optical probing system.
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In a minority carrier device, sucb as a bipolar junction transistor or a diode, the current through the device is very linear with respect to the cbarge density modulation. We can convert the sbot-noise limited sheet-cbarge density sensitivity to a current-density sensitivity througb the transit time of the carriers by the expression 6} q8Ns
/Hi --rrnz . where". is the transit time of carriers through the device. For a system photocurrent of ImA, a transistor FT of IGHz (". -t60ps), and a to x 1O/LM emitter area, the current sensitivity of the charge-sensing probe will be
For capacitive type devices --e.g. the MOS transistor, the reversed biased pn junction, and the MOS capacitor (first layer metallization over a passivated substrate)---the charge in the device is most linearly related to the applied voltage. In these devices, we can relate the minimUm detectable voltage to the shot-noise limited sheet-charge density sensitivity by the expression 7 where c' is the capacitance/area of the particular deVice. For a step-junction reversed-biased diode with the highly doped side of the junction doped at Nd -1017cm-3, the minimum detectable voltage with the charge-sensing probe is
INV ASIVENESS
Since the wavelength of this optical probe is well below the bandgap of silicon, it is noninvasive. Data taken hy Fan and Becker [9] shows that at A '" 1.3/LM the absorptivity of silicon is at a minimum. At shorter wavelengths, the optical power is absorbed through interband transitions. At longer wavelengths, free-carrier absorption becomes significant.
Using a high-powered Nd: YAG laser source, we have experimentally measured the effect of the charge-sensing probe on a bipolar junction transistor. Figure 3 show the results of a common-emitter curve tracer measurement made on the transistor. The lower trace is the From the figure, the collector current perturbation can be seen to be less than IJ,IA. In this type of a structure, any optical power absorbed within the base region of the transistor is multiplied by the curnent gain of the transistor (p > 150). Therefore, the base current perturbation in this transistor will be less than 10nA. Since the optical power used to measure the invasiveness of the optical probe is about an order of magnitude greater than what we can get from the semiconductor laser, the base current perturbation induced by the charge-sensing probe in a practical system will be less than InA.
CONCLUSIONS
In conclusion, we have demonstrated a noninvasive optical probe for detecting electrical signals in silicon IC's. This probing system has nA current sensitivities in typical bipolar junction transistors, and I'Vvoltage sensitivities in reversed biased pn junctions (for probing the source-drain diffusions in MOS transistor circuits). We have experimentally observed real-time 0.8V digital signals applied to a bipolar junction transistor. These signals were observed in a 200MHz detection bandwidth. By using a synchronous sampling semiconductor laser system, we should be able to observe GHz analog and digital signals in high-speed silicon IC's. Since active devices in all semiconductor materials operate on the principle of charge control, the charge-sensing optical probing system could be used to detect electrical signals in IC's in any semiconductor material, and by taking advantage of the high spatial and temporal resolution of this probing system, we could directly observe carrier dynamics within most active devices.
